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We examined 1he Na*/H+ exchanger message in isolated perfused rabbi1 hear15 using Northern blot analysis with cDNA encoding for the rabbit 
cardiac Na*/H* exchanger. A cDNA probe from the coding region of the rabbit myocardial Na’Al’ exchanger hybridized to mRNA of 5 kb under 
high stringency, and to a second 3.8 kb mRNA species under low stringency. When Northern blots were re-probed with a section of the 
3’-untransla1ed region of the cDNA, the 5 kb message w3s apparent while 1hc smaller 3.8 kb message was nol. If isolated working rabbi1 hearts 
were subjected LO ischcmia we observed increases inthe 3.3 kb message. Overall, the results how that a 3.8 kb mRNA product. which is homologous 
10 the amiloride sensitive Nd’/H+ exchanger, exisls in lhe myocardium and increases during &hernia in the myocardium. 
Na+/H’ exchanger: Myocardium; mRNA; Acidosis; Ischcmia 
1. INTRODUCTION 
The regulation of internal myocardial pH is of special 
importance to the functioning heart. Resting intracellu- 
lar pH is 7.0 to 7.3 and can drop dramatically during 
ischemia. After acidification a rapid recovery of intra- 
cellular pH occurs, primarily through the action of the 
Na’/H’ exchanger. The exchanger isresponsible for the 
exchange of one intracellular 1-i’ for one extracellular 
Na’ [I]. The intracellular acidosis that occurs during 
ischemia may be important during contractile failure 
associated with ischemia. It has recently been suggested 
that the Na+/H+ exchanger can alter the ability of the 
heart to recover during reperfusion following ischemia 
L&31. 
In the kidney and in vascular smooth muscle, the level 
of Na*/H+ exchange activity is increased by external 
stimuli such as glucocorticoids and metabolic acidosis 
[4-S]. Studies also demonstrate that incubation of renal 
proximal tubule cells in acid media will increase the 
Na’/H’ antiporter activity, by a mechanism that is de- 
pendent on protein synthesis [9]. In vascular smooth 
muscle, serum growth factors, platelet-derived growth 
Factors and fibroblast growth factors can increase Na’/ 
H’ exchanger mRNA levels up to 25fold [lo]; and 
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Krapf et al. [Ill have shown that chronic metabolic 
acidosis results in increased renal cortical Na’/H+ an- 
tiporter mRNA levels. 
We have recently shown [12] that the amiloride sensi- 
tive Na+/H’ antiporter [ 131 is present in the rabbit myo- 
cardium. In the present study, we used this rabbit myo- 
cardial cDNA clone to examine the regulation of the 
cardiac Na+/H’ exchanger mRNA in response to is- 
chemia and reperfusion in the isolated perfused rabbit 
heart. We show that there is a related 3.8 kb form of the 
myocardial Na*/H’ antiporter message, in addition to 
the 5.0 kb form described earlier [13]. Moreover, the 
relative mRNA levels of this message vary in response 
to ischemia nd reperfusion of the myocardium. This 
message may be another related form of the Na’/H’ 
antiporter that may be important in clinical situations 
of ischsmia that lead to increased expression of the 
Na+/H+ exchange activity. 
2. MATERIALS AND METHODS 
New Zealand White rabbiu of either sex were obtained from 3 kxal 
brczzder. Seven-day-old rabbi& were separated from the doe on 1he 
scorning of cxperimenlation, and usd within 4 h. All rdbbits were 
anesthetized wi1h an i.p. overdose of Na’ penlobarbitol (60 m@kg). 
When the animals 1otally lacked sensation, the hear1 ~35 quickly 
removed and placed in ice-cold Krebs-Hcnacleit buffer supplemented 
with I1 mM glucose, 0.4 mM palmitntc, 3% albumic, and lOO~U/ml 
insulin. Hearts were then cannulaled through the aorta and an initial 
retrograde perfusion a~ 60 mmHg pressure lxgan within GO s of ini- 
tially opnir,p the thoncic cavity. Subsequcn1 cannulation of hearts 
in the working mode was as describcJ previously [Irl]. The perfusale 
was cominuously gassed wi:h 3 95% O,‘SS CO, mixlure, resulting in 
3 pcrfusate pH of 7.4. The hearts were perfused at a 7.5 mmHg lcf1 
atrial preload and 30 mmI-:g aortic alterload. Heart rd1c and pressure 
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development were measured with a Gould P21 pressure transducer 
in-line with the nortic outflow lines. 
Prorocoi I. Non-ischonic ilearr vs. ischorrk lmm 
To examine the quantity of the Na+/H+ exchanger mRNA during 
extended periods of ischcmia we used rabbit hearts subjected to a 
60-min period of low~flow &hernia (coronary flow = 0.2 ml/min). In 
these hearts contractile activity ceased uring the ischcmic period. 
Protocol 2. Ischenric tiearr w. iscllmllic-reper~rsed hear1 
We compared the level of mRNA in ischemic hearts and hearts 
undergoing ischcmia nd reperfusion in another set of experiments. 
To do this, we used rabbit hearts ubjected LO a 40.min period of 
no.flow ischcmia followed by 60 min of aerobic reperfusion. We chose 
this particular protocol since previous tudies demonstrated that the 
40.min ischemic period will produce a severe acidosis in these hearts 
[l5]. The second reason we chose this protocol is that it represents a 
severe, but ~zerally reversible pisode of ischemia. As a result of this 
reversibility, any change in mRNA for the Na’lH’ exchanger isnot 
likely a result of a non-specific effect hat may occur in hearts that are 
irreversibly injured and are not capable of recovering a large degxx 
of mechanical function. At the end ofall perfusions, hearts were freeze 
clamped with Wollcnberger clampscooled tothe temperature of liquid 
N,, Frozen tissue was powdered in a mortar and pestle also cooled to 
the temperature of liquid N1. 
2.2. RNA isolariort arid analysis 
Restriction endonuclease and DNA-modifying enzymes were ob- 
tained from Bochringer Mannheim and Bethesda Rcscarch Laborato- 
ries. The plasmids pTZl8R and l9R were from Phormxin LKB 
Biotechnology Inc. [‘!P]ATP was obtained from New England Nu- 
clear. Immobilon-N filters were from Millipore. All chemicals were of 
the highest grade available. 
Poly(A*) RNA was prepar&ti from isolated perfused rabbit heart 
using a modified procedure similar to that described earlier [12]. Ten 
fig of Poly(A*) RNA was applied to each lane of the Northern blots. 
The Norlhern blot was probed with “PJabcllcd random primed 
cDNA (BRL). The fragments used for labelling were l-G88 and 1264- 
1892 of the rabbit cardiac cDNA clone [I?] corresponding to part of 
the coding and unlranslated regions respectively. To confirm that the 
RNA samples were of the same quantity and quality, all Northern 
blots were stripped and reprobed in control experiments using a 
cDNA fragment conlaining the mouse ribosomal 28 S subunit [l6]. 
Exposure times were I6 h for Northcrns probed with Na’M’ ex- 
chtirigcr probe and 4 h when Northerns were rcprobcd with the mouse 
ribosomal 28 S subunit. In some experiments Northern blots were 
reprobed athird time with a cDNA probe encoding for actin. Hybrid- 
ization and washes were as described eurlicr, with blots being routinely 
wushed with I x SSC at 58°C (medium stringency). Where indicated 
blots were washed at 0. I x SSC, 6S°C (high stringency, [ 121). Scanning 
den$itometry was wilh a Carnag TLC 3anner 11 and a SP4 290 Camag 
Integrator. 
3. RESULTS 
In Protocol 1 we subjected rabbit hearts to a 60-min 
period of low-flow ischemia (coronary flow = 0.2 ml/ 
min). In these hearts contractile activity ceased uring 
the ischemic period. In a separate series of experiments 
we determined that if these hearts are reperfused after 
this time, contractile activity recovers completely to pre- 
ischemic levels (not shown). 
In Protocol 2 we used a more severe ischemic episode 
fo!!owed by reperf~sio~ Seven-day-o!d rabbit hearts 
were subjected to a 40-min period of no flow ischemia 
followed by 60 min of aerobic reperfusion. As shown in 
Fig. 1, heart function recovered to approximately 75% 
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Fig. I. Effect of a 40-min period of transient no Row iscbcmia on 
reperfusion recovery of isolated working hearts from seven-day-old 
rabbits (Protocol 2). Heart rate x peak systolic pressure development 
was measured in hearts as described in scxtion 2. Values arc the mean 
1: S.E. of s perfused hearts. 
of the pre-ischemic function during the 60-min reperfu- 
sion period. As a result, any change in mRNA for the 
Na+/H’ exchanger is not likely a result of a non-specific 
effect that may occur in hearts which are irreversibly 
injured and are not capable of recovering a large degree 
of mechanical function. 
Fig. 2a shows RNA blot analysis of poly(A+) RNA 
from isolated perfused rabbit hearts probed with a frag- 
ment from the coding region. Lane 1 is mRNA from 
hearts subjected to control aerobic perfusion while lane 
2 is mRNA from hearts that subjected to 60 min of low 
flow ischemia s described in section 2 (Protocol 1). The 
figure shows that two messages hybridize with the rab- 
bit cardiac Na*/H’ exchanger cDNA probe. One larger 
message is of approximately 5.0 kb in size, and one 
smaller message is 3.8 kb in size. The smaller hybridiz- 
ing mRNA species was much more apparent in hearts 
undergoing the low flow ischemia as compared to the 
control. This Northern blot was washed at a medium 
stringency with 1 x SSC at 58°C. To examine the rela- 
tionship between the 3.5 kb message and the 5.0 kb 
message, we washed the blot at a higher stringency, 0.1 
x SSC at 65°C. The result is shown in Fig. 2b. The 3.8 
kb message is no longer apparent while the 5.0 kb mes- 
sage remains. Reprobing the blot with cDNA encoding 
the 28 S ribosomal subunit confirmed that equal 
amounts of undegraded RNA had been applied to the 
gel and that the mRNA was purified to the same degree 
(Fig. 2~). 
To examine the expression of the mRNA for the Na’/ 
H” exchanger during ischemia followed by reperfusion 
we used Protocol 2. The results are shown in Fig. 3. 
During reperfusion of previously ischemic myocardium 
there was a dramatic increase in intensity of the 3.8 kb 
message in comparison to hearts undergoing ischemia 
without reperfusion (Fig. 3a). There was also a minor 
Volume 310, number 3
-5 
-3.8 
Fig. 2. RNA blot analysis of poly(A+) RNA from 7-day-old isolated 
perfused rabbit hearts. Ncarts were perfused as dcscribcd in section 
2 and subjected to cithcr control t:.zL perfusion (60 min) (lane 1) 
or 60 min of no-flow isehcmia (lane 2, Protocol 1). Poly(A+) RNA was 
isolated and separated by size on formaldehyde zgarosc gc!s. After 
transfer to nitrocellulose mRNA was probed with residues l-688 of 
the rabbit cardiac Nn+/kI’ exchanger [2], Siies were estimated based 
on the positions of the ribosomal subunits run simultencously on the 
same gel. The observed (or cxpccted) positions of the 5.0 kb and 3.8 
kb isoforms are noted respectively. (A) Exposure of Northern after 
hybridization and washing at medium stringency as described in sttcc- 
tion 2. (B) Exposure of Northern after hybridization and washing at 
high stringency as described in section 2. (C) Exposure of the same 
Northern after being stripped and reprobed with a fragment of the 28 
S ribosomnl subunit as described in section 2. 
increase in intensity of the 5.0 kb message. The esti- 
mated increase in intensity of the two messages from the 
ischemia (lane 1) to ischemia-reperfusion (lane 2) hearts 
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is 30% for the 5 kb message and over 70% for the 3.8 
kb message. We note that with &hernia followed by 
reperfusion (lane 2, Fig. 3a) the intensity of the 3.8 kb 
message is now much greater than that of the 5 kb 
message. Reprobing the blot with cDNA encoding the 
28 S ribosomal subunit confirmed that equal amounts 
of undegraded RNA had been applied to the gel and 
that the mRNA was purified to the same degree (Fig. 
3c). 
To examine further the relationship between the 5 kb 
message and the 3.8 kb message we probed the North- 
ern blot with a cDNA probe from the untranslated 
region of the rabbit myocardial Na+/H’ exchanger. Fig. 
3b shows that the 5 kb message isstill apparent however 
the 3.8 kb message is no longer visible. 
4. DISCUSSION 
We have examined the Na’/H+ exchanger message in 
intact isolated perfused working rabbit hearts. A num- 
ber of studies have suggested that the gene encoding for 
the Na+/H’ exchanger can be influenced by environ- 
mental factors which affect intracellular pH (4-8). The 
level of Na’/H’ exchange activity (V,) is increased by 
external stimuli such as glucocorticoids and acidosis. In 
some cases this increase is dependent on protein synthe- 
sis. The presence of more Na’lH’ exchanger protein has 
been suggested by an increased number of amiloride 
analogue inhibitor sites [9,17]. A recent report shows 
that a high NaCl diet can increase antiporter Vm, in the 
proximal tubule. This leaves open the possibility that 
other environmental stimuli can affect the regulation of 
the exchanger gene in vivo [lS]. The present study exam- 
ined the Na’/H+ exchanger message in the intact myo- 
cardium under short term conditions. Though the times 
involved are relatively short, recent studies on isolated 
myocytes have shown that a number of different mes- 
sages can be induced by various stimuli within even 
shorter time periods [19]. 
In this study we showed that there is another form of 
messenger RNA, which is related to the Nat/H+ ex- 
changer and cross hybridizes at reduced stringency. 
This 3.8 kb message isnormally present in low amounts 
in control tissue, relative to the 5.0 kb message. This 
result confirms our earlier observation on the presence 
of this message inrabbit skeletal muscle [12]. The results 
presented here show that the 3.8 kb message can re- 
spond to external stimuli such as ischemia followed by 
reperfusion of the rabbit heart. Under some conditions 
the 3.8 kb message became more abundant han the 5 
kb message (Fig. 3a). The exact mechanism of elevation 
of these messages by ischemia nd reperfusion is not yet 
known. It is possible that there are either increases irt 
transcription, decreased mRNA degradation or a com- 
bination of both. The 5 kb message showed only a slight 
induction caused by ischemia followed by reperfusion 
(Fig. 3a). The 5 kb message undoubtedly is the known 
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Fig. 3. RNA blot unnlysis of poly(A’) RNA from ‘I-day-old isolated 
perfused rabbit hearts. Hearts were perfused as described in section 
2 and subjected to either 40 min of no flow &hernia alone (lane 1) or 
&hernia followed by 60 min of reperl’usion (lane 9, Protocol 2). The 
blot was prcparcd and probed as dcscribcd in Fig. IA. (A) Exposure 
of Northern after hybridization and washing at medium stringency 
with Na’/H+ exchanger probe. (B) Exposure ofNorthern after hybrid- 
ization and washing at medium stringency with Na’/H‘ c-&anger 
probe of residues 1264-I 892 ofthe 3’.untransluted region of the rabbit 
cardiac cDNA clone [2], (C) Exposure of the same Northern after 
being stripped and reprobed Gth a fragment of the 28 S ribosomal 
subunit as described in section 3. 
amiloride sensitive Na’/H’ exchanger [ 131, based on its 
size and hybridization at high stringency with this clone 
[12]. The minor increase in the amount of this message 
is likely not significant. However, it may indicate a 
trend towards increased expression of this message, 
which may occur with longer time periods of stimula- 
tion as suggested in other tissues [ll]. Future studies 
may examine the effect of long-term ischemia followed 
by reperfusion of the isolated rabbit heart. 
Since the smaller, 3.8 kb mRNA species hybridized 
to cDNA of the amiloride sensitive Na’/H’ exchanger, 
this leaves open the possibility that this may be another 
form of the Na+/H+ exchanger. When we reprobed the 
Northern blots with the 3’-untranslated region of the 
exchanger the 3.8 kb message was not apparent. In 
addition, washing the blots at increased stringency also 
eliminated the hybridization to this smaller message. 
These results suggest hat these two messages could 
originate from different genes. It seems unlikely that the 
smaller message is a degradation product of the larger 
one, since it hybridizes at different stringency to our 
probe and in some instances it was present in larger 
amounts than the 5 kb message. Also, probing of 
Northern blots with the 28 S ribosomal subunit showed 
no differences in quality or purity of the RNA samples. 
If the smaller transcript did originate from ischemia 
induced degradation of the larger message, then both 
bands would consist of amiloride sensitive Na’/H’ ex- 
changer mRNA. The increases due to ischemia and 
reperfusion seen in the two bands would indicate a sig- 
nificant accumulation of amiloride sensitive Na+/H’ ex- 
changer transcript. It is also possible that the smaller 
message codes for a protein that is homologous but has 
a different activity altogether. However, we believe that 
this is less likely since the activities of several different 
forms of the Na+/H’ exchanger have been noted earlier 
in the myocardium [203 and several smaller isoforms of 
the protein have been identified [21,22]. It is also tempt- 
ing to suggest hat this ‘small ischemic form’ (SLIF) of 
the message may represent he amiloride insensitive 
form of the exchanger which has been reported to be a 
smaller protein [22]. Recently, s<veral isoforms of the 
Na+/H+ exchanger have been identified [23,24]. 
Whether this message corresponds to one of these 
&forms is not yet known. Early experiments by Sardet 
et al. [13] used Southern blotting to suggest hat only 
one gene was present which encoded for the amiloride 
sensitive antiporter. However, these hybridizations 
were done at high stringency, under conditions that 
showed no cross hybridization with 3.5 kb message 
(Fig. 2b). More recently Tse et al. [S] also examined 
Southern blots of rabbit genomic DNA under both low 
and high stringency and they noted the presence of 
another gene which cross-hybridized only under low 
stringency. They suggested that this represented an- 
other Na+/H’ exchanger gene or a closely related gene. 
Tt is nossib!e that the SLIF message is the product of 
this gene. Further experiments are necessary to confirm 
this suggestion. 
0veral1, our results suggest hat in the heart a small 
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3.8 kb message ispresent hat is related to the amiloride 
sensitive Na+/H’ exchanger. This message increases 
both with &hernia and during reperfusion following 
ischemia. The increased message could presumably lead 
to increased production of the protein, similar to what 
has been suggested in other tissues for the Nat/H+ ex- 
changer [4-7,10,17]. If the SLIF message ncodes for a 
form of the Na’/H’ exchanger, it could play a signif- 
cant role in contributing to reperfusion arrhythmias in 
the myocardium [2,3]. In addition increased expression 
of the amiloride sensitive (5 kb message) Na’/H’ ex- 
changer could also be significant during long term is- 
chemia and reperfusion of the myocardium. Future 
studies will explore this possibility. 
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